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by 

Irvin O. Winsch, R. Dean Pierce , 
David E. Grosvenor, Leslie Bur r i s , J r . , 

Thomas F. Cannon, Paul J. Mack, 
Kazuo Nishio, and Kenneth R. Tobias 

ABSTRACT 

A pyrochennical process has been developed for the recovery of 
enriched uranium from crucible skulls that result from the Experimental 
Breeder Reactor II (EBR-II) melt-refining process . Melt refining has 
been used in the EBR-II Fuel Cycle Facility to recover uranium from spent 
fuel discharged from the reactor . The complementary process for recla im
ing uranium from crucible skulls, the skull-reclamation process , involves: 
(1) oxidation of the skulls to liberate them from the crucible as a free-
flowing powder; (2) addition of the powder to a halide salt, and extraction 
of 75-95% of the nobler fission-product elements from the oxide with liquid 
zinc at 800°C; (3) reduction of the uranium oxide to uranium metal by 
contacting the salt with a Mg-20 at. % Zn alloy at 800°C; (4) removal of 
95% or more of the remaining fission products by transferring away the 
molten salt and the metal alloy in which the metallic uranium is insoluble; 
(5) dissolution of the uranium in a Zn-30 at. % Mg alloy; and (6) recovery 
of the uranium product by retorting and melting. 

The skull-reclamation process was developed and tested on both 
a pilot and a prototype plant scale in the Chemical Engineering Division at 
Argonne National Laboratory. However, a change in the EBR-II reactor 
status from an experimental to a test reactor precluded installation of skull-
reclamation process equipment in the EBR-II Fuel Cycle Facility. 

I. INTRODUCTION 

The concept of on-site recovery and recycle of discharged reactor 
fuel has been established in Argonne's Experimental Breeder Reactor II 
(EBR-II) complex. Spent reactor fuel was processed and new fuel refab-
ricated in the EBR-II Fuel Cycle Facility by remote pyrochemical methods. 
Figure 1 is a simplified fuel-cycle flowsheet. 
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Fig. 1. Simplified Flowsheet for EBR-II Fuel Processing 

Although the E B R - I I r e a c t o r m a y u l t i m a t e l y e m p l o y p l u t o n i u m a l loys , 
an e n r i c h e d u r a n i u m al loy is now u s e d a s the fuel in the c o r e load ing . The 
c o r e is an a s s e m b l y of 0 . 1 4 4 - i n . - d i a m p ins which a r e c lad wi th s t a i n l e s s 
s t e e l and t h e r m a l l y bonded wi th s o d i u m . A p r o c e s s known a s m e l t - r e f i n i n g 
was deve loped^ ' ' and h a s been used to r e c o v e r u r a n i u m f r o m E B R - I I 
fuel in the F u e l Cyc le F a c i l i t y . ^ A c l o s e d fuel cyc le d e m o n s t r a t i n g r e m o t e 
m e l t re f in ing and r e f a b r i c a t i o n of fuel w a s o p e r a t e d s u c c e s s f u l l y for 
four y e a r s wi th E B R - I I fuel . H o w e v e r , b e c a u s e of the snnall s c a l e of o p e r 
a t ion, cont inued o p e r a t i o n w a s not j u s t i f i ab l e e c o n o m i c a l l y , and p r o c e s s i n g 
of E B R - I I fuel by p y r o m e t a l l u r g i c a l m e t h o d s in the F u e l Cyc le F a c i l i t y was 
d i s c o n t i n u e d e a r l y in 1969. 

In the m e l t - r e f i n i n g p r o c e s s , the fuel p ins a r e dec lad m e c h a n i c a l l y , 
chopped to convenien t l e n g t h s , and c h a r g e d a long wi th m a k e u p u r a n i u m to 
a l i m e - s t a b i l i z e d z i r c o n i a c r u c i b l e . The c h a r g e is m e l t e d , h e a t e d to 
1400°C, held at th is t e m p e r a t u r e for about 3 h r , and then p o u r e d into a 
mo ld to f o r m an ingot . T h i s t r ea tnnen t r ennoves about t \ vo - th i rd s of the 
f i s s ion p r o d u c t s by vo l a t i l i z a t i on of s o m e f i s s ion e lennents and by s e l e c t i v e 
oxidat ion of o t h e r s t h rough i n t e r a c t i o n wi th the z i r c o n i a c r u c i b l e . T h e 
nob le r f i s s i on p r o d u c t s , such as mol^rbdenum, r u t h e n i u m , and z i r c o n i u m 
a r e not r e m o v e d by m e l t re f in ing . The r e c y c l e d fuel i s an a l loy of u r a n i u m 
and " f i s s i u m . " * To avoid an al loy of changing compos i t i on , i n a c t i v e n o b l e r 

•Fissium is a name given to a variable mixture of fission-product elements (atomic numbers 40 to 46̂  wh" h 
wlien alloyed with uranium, impart to the alloy desirable metallurgical properties and radiation stability ' 



metals a re alloyed with the initial fuel in their approximate equilibrium 
concentrations, based on an auxiliary removal of about 7% of the nobler 
metals during each cycle for 2% burnup fuel. Experience has shown that 
the presence of these metals enhances the irradiation stability of uranium. 

The product ingot is used to refabricate new fuel pins by injection 
casting. The fuel pins a re inserted into stainless steel cans, bonded with 
sodium, welded, and assembled into new fuel elements for recharging to 
the EBR-II reactor . In the melt-refining process , inorganic radiation-
stable mater ia ls are used that permit processing of short-cooled, high-
burnup fuels. The rapid recycle of the fuel minimizes fuel inventories 
outside the reactor . Another advantage of the process is the compact 
equipment used. 

When the product ingot is poured in the melt-refining process , about 
7% of the uranium remains in the crucible as a skull, which consists of a 
mixture of dross and unpoured metal . In addition to uranium, the skull 
contains about 7% of the original nobler-metal elements and nearly all the 
more electropositive fission-product metals: barium, strontium, yttrium, 
and the r a re earths. 

The skull-reclannation process , a liquid-nnetal process for p rocess 
ing skulls, was developed to fulfill three objectives; (1) recovery of the 
uranium, (2) removal of the electropositive fission products that a re con
centrated in the skull, and (3) removal of noble- and refractory-metal fis
sion products that are not removed in the melt-refining process . Since 
about 93% of the fuel mater ia l is recovered in the melt-refining process , a 
recovery of about 95% of the fuel in the melt-refining skull will result in 
an overall fuel recovery of 99.6%. Decontamination requirements are mod
est, since neutron poisoning is minimal in a fast reactor and all fuel refab
rication is done remotely behind heavy shielding. It is only necessary to 
remove sufficient fission products to avoid excessive dilution of the fuel. 
Fission-product removals of 60-90% are adequate for this reactor . 

A pyrochemical blanket process (as indicated in Fig. 1) was also 
developed. The basic equipment and operations used in the blanket process 
are similar to those employed in the skull-reclamation process . 

II. PROCESS AND EQUIPMENT DEVELOPMENT 

A total of 36 skull-reclamation runs were made in the "pilot plant" 
for the development of the skull-reclamation process flowsheet, equipment, 
and techniques. During this period, three changes were made in the process 
flowsheet to simplify the operations and to reduce the overall run time 
from 32 hr to about 11 hr. 



A, P r o c e s s Steps 

The p r i m a r y s t eps deve loped in the p r o c e s s f l owshee t s a r e d e s c r i b e d 

brief ly as follows: 

1. Skull Oxidat ion 

The skull in the m e l t - r e f m i n g c r u c i b l e i s b u r n e d a t a c o n t r o l l e d 
r a t e in an G^-Ar a t m o s p h e r e at 700°C. ' T h i s t r e a t m e n t c o n v e r t s the sku l l 
into a f ree- f lowing oxide powder , which is p o u r e d f r o m the c r u c i b l e and is 
the cha rge to the n o b l e - m e t a l e x t r a c t i o n s t ep of the p r o c e s s . T h e ox ida t ion 
s tep was p e r f o r m e d along with m e l t re f in ing in the F u e l C y c l e F a c i l i t y . ' 

2. N o b l e - m e t a l E x t r a c t i o n 

The finely divided, oxid ized sku l l is s u s p e n d e d in a m o l t e n sa l t 
and con tac ted with zinc in a t u n g s t e n c r u c i b l e . At l e a s t 50% of the r e l a t i v e l y 
n o b l e r - m e t a l f i s s ion p r o d u c t s a r e s e p a r a t e d f r o m the u ran iunn by s e l e c t i v e 
r educ t ion with z inc . The r e d u c e d n o b l e r m e t a l s , wh ich i nc lude m o l y b d e n u m , 
t e chne t i um, ru then ium, rhod ium, p a l l a d i u m , s i l v e r , i nd ium, and a n t i m o n y , 
a r e e x t r a c t e d into the z inc , which i s then r e m o v e d and d i s c a r d e d . In the 
in i t ia l f lowsheet , the w a s t e - z i n c p h a s e w a s s e p a r a t e d f r o m the s a l t p h a s e 
by cooling the c r u c i b l e c o n t e n t s to sol idify the s a l t . The l i q u i d - z i n c 
p h a s e was then p r e s s u r e - s i p h o n e d f r o m below the sa l t p h a s e to a 
w a s t e r e c e i v e r . 

It i s not e s s e n t i a l tha t the r e d u c e d f i s s i o n p r o d u c t s d i s s o l v e in 
the zinc p h a s e . Some of t h e s e e l e m e n t s have v e r y low s o l u b i l i t i e s , and it 
would be u n r e a l i s t i c to u s e suff ic ient z inc to d i s s o l v e t h e m c o m p l e t e l y . 
Mild ag i t a t i on of the z inc p h a s e d u r i n g the t r a n s f e r is suff ic ient to m a i n 
ta in in s u s p e n s i o n those e l e m e n t s w h o s e so lub i l i ty i s e x c e e d e d . 

3. Reduc t ion 

The r e d u c t i o n of UO^ by a l iqu id M g - Z n a l loy can be r e p r e s e n t e d 
by the following o v e r a l l equat ion: 

O CI (\Of^ 

UO2 (sa l t ) - 2Mg(Zn) > 2MgO (sa l t ) -l-U(Zn-Mg) -1- Ui . 

The u r a n i u m oxide, which is d i s p e r s e d in the sa l t p h a s e (MgCl2-CaCl2-CaF2) 
as a sol id , i s r e d u c e d by the m a g n e s i u m in the m e t a l p h a s e , and the MgO by 
p r o d u c t c o l l e c t s in the sa l t . Sl ight ag i t a t i on (-100 r p m ) is u s e d to s u s p e n d 
the inso lub le MgO in the sa l t p h a s e d u r i n g the w a s t e t r a n s f e r . In e a r l v 
f lowshee t s , the r e d u c t i o n al loy w a s i n - 1 2 a t . % Mg, in wh ich the u r a n i u m 
w a s so luble ; the c o m p o s i t i o n of the a l loy a f te r r e d u c t i o n w a s Z n - 9 at 0, . . 

o " a t V z ^ l " ' " r ' ^ 1 ° - ^ ^ - ' ' * - UO^ - - d u c e d a t 800"C with a M I " ' " 
n ium' f , ^^ ' *^ ' ^ ' " ° ' ' ^ ' ^ "^^°y ^ ^ ^ - 1 ' ^ i - t he p r e c i p i t a t i o n of u r J 
m u m f rom solut ion, s ince i t s so lubi l i ty is only about 0.022'^at. % at 800"c" 



The experimental work of Knighton and Steunenberg showed 
that molten halide salts offer advantages in the reduction of uranium oxides 
by molten metals . The salt promotes more complete reductions and scav
enges the MgO by-product of the reaction away from the product in the 
metal phase. 

The Mg-Zn alloy and the salt containing the r a re earths, bar
ium, strontium, and zirconium are pressure-s iphoned from the crucible 
and treated as waste. 

4. Intermetall ic Compound Precipitat ion 

With the Zn-12 at. % Mg alloy used in ear l ier runs, the dis
solved uranium was precipitated as a zinc intermetall ic compound (U2Zn23) 
by cooling from 800 to 525°C. This step provided zirconium removal in 
the Mg-Zn supernatant phase, which was discarded. 

5. Decomposition of Uraniunn-Zinc Internnetallic Compound by 
Magnesium 

When the intermetallic-compound precipitation step ^vas used, 
the intermetall ic compound was decomposed at 700°C by adding magnesiunn 
and fornning a Mg-27 at. % Zn alloy from which metallic uranium precipi
tated. The solution was cooled to 450°C, thereby reducing the uranium 
solubility to about 0.009 at. %. During this operation, the uranium part ic les 
clumped to nearly theoretical density. The Mg-Zn supernatant phase was 
then discarded. 

6. Uranium Product Dissolution * 

The uranium precipitate is dissolved in a Zn-30 at. % Mg alloy 
at 810°C to facilitate t ransfer of the product for the final process step. 
Although the solubility of uranium in this alloy at 800°C is about 4.0 at. % 
(18 wt %), the process provides for a uranium concentration of 3.0 at. %. 

7. Solvent Evaporation 

The Zn-Mg-U product ingot is charged to a beryllia crucible 
and subjected to a low-pressure retorting operation (650-900°G at -10 Tor r ) 
to remove the magnesium and zinc. The uranium is consolidated into an 
ingot by heating the crucible to about 12 00°C. This uranium ingot is suit
able for recycle to the melt-refining operation, and the condensed Mg-Zn 
vapors a re discarded as waste. 

B. Flowsheet Development 

The original skull-reclamation process flowsheet shown in Fig. Z 
required two furnaces, which used two crucibles fabricated of different 
mater ia l s (tungsten and beryllia), and a re tor t . In this flowsheet, the 
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Process (Steps 1 and 2 performed in tung

sten crucible; steps 3. 4, and 5 performed 

in beryllia crucible) 

n o b l e - m e t a l e x t r a c t i o n and u r a n i u m 
r educ t i on s t eps a r e c a r r i e d out in a 
tungs ten c r u c i b l e . The w a s t e s a l t 
i s s e p a r a t e d at 800°C, and the Z n -
9 at % M g - 1 a t . % U solu t ion i s 
t r a n s f e r r e d to a b e r y l l i a c r u c i b l e 
in the second f u r n a c e . The M g - Z n - U 
solut ion is cooled to 525°C to p r e 
c ip i ta te the U - Z n i n t e r m e t a l l i c c o m 
pound (UaZna,). a f ter which the Z n - M g 
s u p e r n a t a n t p h a s e is t r a n s f e r r e d to 
w a s t e . The U - Z n i n t e r m e t a l l i c c o m 
pound is d e c o m p o s e d at 800°C wi th 
the addi t ion of m a g n e s i u m to p r o d u c e 
a Mg-27 at. % Zn so lu t ion in wh ich 
u r a n i u m is so luble to only 0.065 a t . %. 
The so lu t ion is then coo led to 450°C 
to p r e c i p i t a t e add i t i ona l u r a n i u m 
(u ran ium so lubi l i ty : 0.009 at . %), 
and the M g - Z n w a s t e s u p e r n a t a n t is 
t r a n s f e r r e d f r o m the b e r y l l i a c r u 
c ib le . The u r a n i u m cake is r e m o v e d 
f rom the b e r y l l i a c r u c i b l e by m e 
chan ica l m e a n s and c h a r g e d to a 
r e t o r t i n g fu rnace for e v a p o r a t i o n of 
the r e m a i n i n g m a g n e s i u m and z inc . 

The o r i g i n a l f l owshee t w a s 
modi f i ed b e c a u s e of d i f f i cu l t i es e n 
c o u n t e r e d in f a b r i c a t i n g l a r g e b e r y l 
l ia c r u c i b l e s tha t a r e s a t i s f a c t o r y 
for the p r o c e s s o p e r a t i o n s . T h e s e 
d i f f icu l t ies led to the c o n s i d e r a t i o n 
of p e r f o r m i n g a l l p r o c e s s s t e p s in 
a t ungs t en c r u c i b l e . T h i s m e t h o d 
of p r o c e s s o p e r a t i o n , sho^vn in F i g . 3, 
h a s the following a d v a n t a g e s : 

1. One furnace is e l i m i n a t e d . 

2. H i g h - t e m p e r a t u r e s e p a r a t i o n of the r e d u c t i o n sa l t f r o m the 
l i qu id -me ta l phase is e l im ina t ed . 

3. One t r a n s f e r tube is e l i m i n a t e d . 

sa l t . 

The d i s advan t ages of th is p r o c e d u r e a r e : 

1. The u r a n i u m p r o d u c t m a y b e c o m e c o n t a m i n a t e d with r e s i d u a l 
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2. Uranium product is removed as a solution, requiring retorting 
of larger volumes of magnesium and zinc. This procedure is necessary 
because of the adherence of uranium to the tungsten crucible 

Skull-reclamation process demonstration runs following this flow
sheet (Fig. 3) produced good uranium reductions (98-100%), but led to high 
uranium losses (3-27%) through entrainment during the removal of the Zn-
10 at. % Mg supernatant solution. Specially designed strainer weirs were 
fitted to one end of each transfer tube to reduce uranium entrainment, but 
these were only moderately successful. 

A final modification was made to the flowsheet, as shown in 
Fig. 4. The intermetallic precipitation and decomposition steps, involving 

Oxidized Skull: 2 kg 

Zn-12 at % Mg: 3 

Magnesium: 

1 flT). 
Noble-metal 
Dilraction 

e 800=0-600 rpm 

Cool to Kb''C 
70 rpm 

2 kg 

I 
Salt 
U02 
Zn 

Uranium Oxide 
Reduction 
« 800"C 
600 rpm 

Zn-Mg-U 
Sail 

Uranium-Zinc 
Intermetallic 
Precipitalion 

Cool to SZS'C 
80 rpm 

9 kg 

1 
Salt 
U2Zn23 

Intermetallic 
Decomposition 

@ 700°C 
630 rpm 

Salt 
Zn-Mg-U 

Uranium 
Precipitation 

Cool to 450=0 
70 rpm 

• as kg 

Waste Zmc: 32 kg 

(Nobler Fission Products) 

Waste Zn-10 at. % l\lg: Z8 kg 

(Zirconium! 

Waste Mg-Z7 at. % Zn: 16 kg 

Wasle Sail: 8.8 kg 
(Rare Earths! 

Magnesium; 1 kg I 

U-Mg-Zn 

Uranium 
Dissolution 

e810°C 
600 rpm 

•MgCt^JT.S mol % CaCI?-
5 mol * CaF2. 

Uranium Product 
lo Retorting 
2n-29 al. n. Mg-3 at, % U: 
13.5 kg 

Oxidized Skull: Z kg 

• 
Zinc: 4.7 

MaQnesiuri): 10. 

Zinc: 12. 

Magnesium: 2, 

Zin : 35 kg 

Salt:' 5 kg 

ZnCl?: 0.6 kg 

Noble-metal 
Extraction 

2 hr @ 750°C 
825 rpm 

100 fpm during 
Transfer 

kg 

I'S j 

Zn 
Sail 
U02 

Uranium 
Reduction 

2 hr @ 800°C 
600 rpm 

Settle 0.5 hr 

kg 

kg 

U 
Mg-Zn 

Uranium 
Dissolution 

1 hr @ 810=C 
600 rpm 

Uranium 
to Retort 
Zn-29 at 
16.1 kg 

Waste Zinc: 32 kg 

(Nobler fission ProductsI 

Waste Mg-20 al. % Znr 17 kg 

Waste Salt: 6.8 kg 

Product 
n9 
* Mg-3 at. % U; 

•Salts used were MgCl2-47.5 mol % CaCl2-5 mol % CaF; or 
MgCl2-27.7 mol % NaCI-18.6 mol % KCI-6.7 mol % NaF. 

Fig. 3. Modified Flowsheet for Skull-reclamation 
Process (All steps performed in one tungsten 
crucible) 

Fig. 4. FinalFlowsheet for Skull-reclamation Process 
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a 

three time-consuming cooling and-a tm^^ 
500''C, were eliminated. Reduction ot tne „^^ . ^ ^ orecipitates as a 
with a Mg-20 at. % - ^ - - f - ^ ^ ^ ^ f s u nltaTmefaYan^d waste salt 
compact cake. After *-^ ^ g ' / ^ / ^ ^ ^ ^ ^ ^ ^ , dissolved m a Zn-30 at. % Mg 
are removed, the precipitated - — ^^^^^, ^„ , , , „ , e r the final 
solution, which is transferred to a retorting 
uranium product. 

The advantages of this flowsheet, as compared with the previous 
ones mcludl a reduction of material consumption (and consequent reduc
tion ; fwa : te volume), as well as an increase m uranium recovery. 

The heating and cooling cycles were eliminated m the new flowsheet 

by: 

1 Transferring the waste-zinc phase from beneath a l iquid-sal t 
phase rather than from beneath a solidified salt layer. This also eliminated 
the need for the high-melting salt previously used (47.5 mol % GaClz-
47 5 mol % MgCl2-5.0 mol % CaF2; m.p., ~600°C); consequently, a lower-
melting salt (47 mol % MgCl2-27.7 mol % NaCl-18.6 mol % KCl-6.7 mol % 
NaF; m.p., ~495°C) could be used. 

2, Eliminating the U-Zn intermetallic-compound precipitation 
step mentioned above. 

3. Increasing the magnesiunn concentration in the reduction alloy 
from 73 to 80 at. % to decrease the uranium solubility in the supernatant 
metal solution and make it unnecessary to cool the solution. Previously, 
the uranium solubility in the Mg-27 at. % Zn solution had been reduced from 
0.065 at. % at 800°C to 0.008 at. % by cooling to 450°G. Using a Mg-20 at. % 
Zn solution and operating at 750°C resulted in a sufficiently low uranium 
solubility of 0.02 at. % without further cooling. The uranium loss in the 
supernatant solution was further reduced by using a minimum amount of 
reduction alloy (33% less than with the Mg-27 at. % Zn alloy). The uranium 
loss in this waste alloy is less than the combined loss in the Zn-10 at. % Mg 
and Mg-27 at. % Zn waste solutions of the previous flowsheet. 

Seven runs were made using the new flowsheet. Because of the 
change to a low-melting salt flux, operating tempera tures within the range 
of 650-800°C were tested. Other variables investigated were reaction time, 
agitation intensity, and charge size. As would be expected, reaction time 
(for uranium oxide reduction or extraction of noble metals) and tempera ture 
are closely related; the higher the tempera ture , the shorter the react ion 
time. A reaction temperature of 750-800°C is recommended to provide 
rapid reactions (complete within 1-2 hr) without causing excessive vapori
zation of metal- and sal t-phase constituents. Good agitation intensity is 
also necessary to complete the reactions within a short period of t ime. 
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In one run, a double charge of uranium oxide and salt was used. In 
the noble-metal extraction step, the quantity of uranium oxide was so great 
that when st i r r ing was discontinued to allow the zinc and salt phases to 
separate, a large amount of the oxide, which nornnally accumulates at the 
interface, settled through the zinc phase. An excessive annount of this 
settled oxide was entrained during the transfer of the waste zinc, causing 
a high uranium loss. 

Since an overall uranium recovery of 99.5% for the processing step 
of the fuel cycle was desired, the skull-reclamation process was developed 
to recover at least 93% of the uraniunn in the melt-refining skulls, which, 
on the average, contain 7% of the uranium charged. Achievement of a high 
uranium recovery in the skull-reclamation process requires that the fol
lowing conditions be nnet in the noble-metal extraction and reduction steps: 

1. Noble-metal Extraction Step 

Sufficient oxidizing power must be available to oxidize (1) the 
uranium and the magnesium metal present in the heel from the product 
dissolution step of the previous run and (2) any unoxidized uranium metal 
in the skull oxide charge so that all the uranium will transfer to the salt 
phase. Considerable oxidizing power is available through reactions such as: 

U3O8 (salt suspension) + U (Zn solution) -• 4UO2 (salt suspension), 

and 

2(R.E.)203 (salt suspension) + 3U (Zn solution) — 

3UO2 (salt suspension) + 4(R.E.) (Zn solution). 

The second reaction is possible because of low activity of r a re earths in 
zinc solutions. ' Zinc chloride was usually added in the pilot-plant runs. 
The noble-metal extraction step was performed at 750°C, rather than 800°C, 
to reduce the ZnCl2 vapor p ressu re . Since the volatility of ZnCl2 can be a 
problem, ZnO may be a more convenient reagent. In the pilot-plant runs, 
uranium loss in the noble-metal extraction step was no problem, generally 
being well below 0.5%. 

2. Reduction Step 

To achieve complete reduction and thus avoid excessive uranium 
losses in the waste salt, the conditions must include sufficient agitation 
(~600 rpm) and a sufficient reduction t ime. Uranium losses in the waste 
salt averaged ~ 1%. The minimum attainable uranium loss in the salt, which 
is due to the equilibrium concentration in the salt, is about 0.6%. 
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A l t h o u g h m o s t of t h e r e d u c e d u r a n i u m p r e c i p i t a t e s f r o m t h e 
M g - 2 0 a t . % Z n a l l o y , a l o s s of 1.4% o c c u r s a s a r e s u l t of u r a n i u m s o l u 
b i l i t y in t h e s u p e r n a t a n t m e t a l s o l u t i o n . H i g h e r l o s s e s , w h i c h r e s u l t e d 
f r o m e n t r a i n m e n t w e r e e x p e r i e n c e d i n s o m e r u n s . T h e e n t r a i n m e n t w a s 
not e n c o u n t e r e d if t h e p r e c i p i t a t e w a s f o r m e d a t t e m p e r a t u r e s a b o v e 7 7 5 ' ' C 
w h e r e t h e g a m m a u r a n i u m p h a s e e x i s t s . T h i s p h a s e i s p l a s t i c , a n d t h e 
p a r t i c l e s a g g l o m e r a t e . In r u n s i n w h i c h t h e p r e c i p i t a t e w a s f o r m e d a t 
700°C, e n t r a i n m e n t w a s m i n i m i z e d (up t o 1.0% of t h e u r a n i u m ) by a l l o w i n g 
a s e t t l i n g p e r i o d of 0 .5 h r b e f o r e t r a n s f e r r i n g a n d b y t r a n s f e r r i n g t h e 
w a s t e - m e t a l a n d s a l t p h a s e s w i t h s t i r r i n g a t a n a g i t a t i o n s p e e d of o n l y 
100 r p m . T h i s a g i t a t i o n s u s p e n d e d M g O i n t h e s a l t w h i l e o n l y p a r t i a l l y 
s u s p e n d i n g u r a n i u m in t h e m e t a l . A n a g i t a t o r s p e e d of 4 0 0 r p n n r e s u l t e d 
in l o s s of m o s t of t h e u r a n i u m . 

C. P i l o t - p l a n t E q u i p m e n t 

T h e e q u i p m e n t u s e d in t h e p i l o t - p l a n t s t u d i e s i n c l u d e d t w o m i l d -

s t e e l b e l l j a r s (24 in . in d i a m e t e r a n d 36 i n . h i g h ) c o n t a i n i n g t u n g s t e n p r o c 

e s s i n g c r u c i b l e s . ' " T h e t u n g s t e n c r u c i b l e s w e r e h e a t e d b y i n d u c t i o n h e a t i n g 

o f a 5 / 8 - i n . - t h i c k g r a p h i t e s u s c e p t o r . T h e i n d u c t i o n c o i l s w e r e c o o l e d b y 

n a t u r a l c o n v e c t i o n a n d r a d i a t i o n t o t h e w a t e r - c o o l e d b e l l - j a r w a l l T h i s 

e q u i p m e n t w a s l o c a t e d i n s i d e a g l o v e b o x t h a t w a s 1 3 . 3 ft l o n g , 8 5 ft h i g h 

and 3.3 ft w i d e . A d r y N 2 - A r a t m o s p h e r e w a s m a i n t a i n e d i n t h e e n c l o s u r e 

a n d in t h e f u r n a c e s t o p r o t e c t t h e r e a g e n t s f r o m o x y g e n a n d m o i s t u r e . F i g 

u r e 5 s h o w s t h e g l o v e b o x , f u r n a c e s , 

a n d c o n t r o l p a n e l b o a r d b e f o r e t h e 

g l o v e b o x w i n d o w s w e r e i n s t a l l e d . 

F i g u r e 6 s h o w s a h e a t e d t r a n s f e r 

l i n e i n p o s i t i o n f o r t r a n s f e r r i n g 

m o l t e n m e t a l f r o m o n e f u r n a c e t o 

t h e o t h e r . A l t h o u g h t w o f u r n a c e s 

w e r e u s e d i n t h e e a r l y p r o c e s s f l o w 

s h e e t s , o n l y o n e f u r n a c e w a s u s e d i n 

t h e f i n a l f l o w s h e e t , a n d a l l t r a n s f e r s 

w e r e m a d e t o a w a s t e o r p r o d u c t 

r e c e i v e r . M o l t e n m a t e r i a l s w e r e 

t r a n s f e r r e d b y p r e s s u r i z i n g o n e 

of t h e f u r n a c e s w i t h a r g o n . T h e 

b e l l - j a r c o v e r s h a d t h r e e p o r t s , 

o n e of w h i c h w a s u s e d f o r a n a g i t a 

t o r s h a f t , a n d t h e o t h e r t w o f o r i n 

s e r t i n g t r a n s f e r t u b e s a n d o t h e r 

e q u i p m e n t u s e d f o r s a m p l i n g , l i q u i d -

l e v e l m e a s u r e m e n t , a n d t e m p e r a t u r e 

m e a s u r e m e n t . F i g u r e 7 i s a s c h e 

m a t i c c r o s s - s e c t i o n a l v i e w of t h e 

f u r n a c e w i t h t h e t r a n s f e r l i n e 

108-5968 

Fig. 5. Pilot-plant Glovebox and 
Control Panels 
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108-5970 

Fig. 6, Bell-jar Induction Furnaces 

FIBERFRAX INSULATION 

I N D U C T I O N H E A T E R C O I L 

WB-W AOITATOR 

HIXMS BAFFLE ( 4 AT 9 0 * 

BELL JAR BASE 

MOUCTION HEATER LEAD 

STAINLESS STEEL SHELL 

I S E R f R i H FUME 1 

WASTE OR PRODUCT RECEIVER 

108-7134 Rev. 1 

Fig, 7, Bell-jar Furnace for Skull-reclamation Process 
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T h e b e l l j a r a n d t h e s e r v i c e n o z z l e s ^ ' ^ J^^ies w e r e a t 8 0 0 ° C , 

t o p r e v e n t d a m a g e t o r u b b e r g a s k e t s '^^^'^'^^ t e m p e r a t u r e t h a t i s w e l l 

t h e t e m p e r a t u r e of t h e r u b b e r g a s k e t s ^ ^ ^ ^ ° ^ ' ^ f ^ , j 3 ( I S O - C ) . D u r i n g 
b e l o w t h e p e r m i s s i b l e o p e r a t i n g t e m p e r a t u r e o l ^ ^ ^ ^g^^^^ ^ c o n t i n u o u s a r g o n 

g a s p u r g e (5 c fh ) w a s i n t r o 

d u c e d i n t o t h e t h r e e b e l l -

j a r n o z z l e s t o i n h i b i t t h e 

a c c u m u l a t i o n of c o n d e n s e d 

m e t a l s a n d s a l t a r o u n d t h e 

a g i t a t o r s h a f t , t h e s a m p l e 

p o r t , a n d t h e t r a n s f e r t u b e . 

T u n g s t e n c r u c i b l e s 

w e r e u s e d t o c o n t a i n t h e 

m o l t e n s a l t s a n d m e t a l s . 

F i g u r e 8 s h o w s a p r e s s e d -

a n d - s i n t e r e d t u n g s t e n c r u 

c i b l e (12 i n . i n O D a n d 

20 i n . h i g h ) w i t h i n t e g r a l 

m i x i n g b a f f l e s . T h i s i s o n e 

of t h r e e s u c h c r u c i b l e s f a b 

r i c a t e d b y U n i o n C a r b i d e 

N u c l e a r C o r p o r a t i o n , O a k 

R i d g e , T e n n e s s e e . T h e 

d e n s i t y of t h e c r u c i b l e m a 

t e r i a l i s 9 2 - 9 4 % of t h e o r e t 

i c a l , a n d t h e w e i g h t of e a c h 

c r u c i b l e i s a b o u t 5 0 0 l b . 

T h e c r u c i b l e i s s h o w n s u s 

p e n d e d f r o m i t s l i f t i n g y o k e . 

B e l o w t h e c r u c i b l e a r e t h e 

g r a p h i t e s e c o n d a r y c o n t a i n e r 

( w h i c h a l s o s e r v e s a s t h e 

• h e a t i n g s u s c e p t o r ) , a n i n s u l a t i n g s l e e v e , a n d t h e f l a t - c o p p e r - s t r i p 

c o i l . T h e c o i l w a s p o w e r e d by a 3 0 - k W , 1 0 - k H z i n d u c t i o n - h e a t i n g 

s u r f a c e t e m p e r a t u r e of t h e c o i l w a s a b o u t 3 0 0 ° C w h e n t h e o p e r a t -

r a t u r e of t h e c r u c i b l e w a s 9 0 0 ° C . 

108-5962 

Fig. 8. Pressed-and-sintered Tungsten Crucible 

i n d u c t i o n 

i n d u c t i o n 

u n i t . T h e 

ing t e m p e 

In t h e o r i g i n a l s k u l l - r e c l a m a t i o n p r o c e s s f l o w s h e e t ( F i g . 2 ) , a 

b e r y l l i a c r u c i b l e w a s u s e d fo r t h e U2Zn23 p r e c i p i t a t i o n a n d d e c o m p o s i t i o n 

and for t h e u r a n i u m p r e c i p i t a t i o n . S m a l l - s c a l e s t u d i e s i n 4 - i n . - O D , t h i x o 

t r o p i c a l l y c a s t b e r y l l i a c r u c i b l e s s h o w e d t h a t t h e b e r y l l i a w a s n o t w e t t e d 

by t h e M g - 2 7 a t . % Z n a l l o y a n d t h a t t h e p r e c i p i t a t e d u r a n i u m w a s e a s i l y 

r e m o v e d f r o m t h e c r u c i b l e . H o w e v e r , t h r e e 1 2 - i n . - O D , 2 0 - i n . - h i g h 

t h i x o t r o p i c a l l y c a s t c r u c i b l e s ( F i g . 9) t h a t w e r e e x p o s e d t o Z n -

9 a t . % M g - 1 a t . % U, M g - 2 7 a t . % Z n p l u s p r e c i p i t a t e d u r a n i u m , a n d 



Z n - 2 9 at . % M g - 3 at . % U at 810°C deve loped c i r c u m f e r e n t i a l c r a c k s , which 
a l lowed m e t a l to l eak I ro in the c r u c i b l e s . The i n t eg r i t y of l a r g e t h i x o t r o p 

ica l ly c a s t c r u c i b l e s was too poor for 
p r o c e s s u s e . 

In the in i t ia l f lowsheet , the m e l t 
was cooled in the n o b l e - m e t a l e x t r a c t i o n 
s t ep and the two u r a n i u m p r e c i p i t a t i o n 
s t e p s . T h i s was a c c o m p l i s h e d by c i r c u l a t 
ing the a r g o n gas f rom within the b e l l - j a r 
fu rnace t h rough a c losed h e a t - e x c h a n g e r 
s y s t e m loca ted below the glovebox (as 
shown in F i g , 10). A Model 297-6 L e i m a n 
pump w a s used to c i r c u l a t e the a r g o n gas 
th rough the b e l l - j a r fu rnace and a w a t e r -
cooled Brown F in tube hea t exchange r d u r 
ing the m e l t - c o o l i n g o p e r a t i o n s . A h e a t -
t r a n s f e r s tudy was m a d e dur ing one run 
(Run SKR-20) to d e t e r m i n e the hea t r e 
moved by the cooling coi ls loca ted on the 
b e l l - j a r fu rnace and by the hea t exchange r 
that cooled the c i r c u l a t i n g a rgon g a s . The 
r e s u l t s showed that an a v e r a g e of 35% of 
the heat (2.2 kW) was r e m o v e d by the hea t 
e x c h a n g e r and that 65% of the hea t was 
r e m o v e d (4,06 kW) by the cooling w a t e r on 
the b e l l - j a r fu rnace wal l and b a s e . 108-7649 

Fig. 9 

Thixotropically Cast Beryllia Crucible An al loy of Mo-30 wt % W was used 
for componen t s that r e q u i r e d mach in ing 

and w e r e to be exposed to p r o c e s s so lu t i ons . T h e s e componen t s inc luded 
the m i x e r shaft and b l a d e s , s m a l l hea t sh i e ld s for the shaft b e a r i n g a s s e m 
bly, and a l a r g e hea t sh ie ld , which c o v e r e d the c r u c i b l e . The a g i t a t o r b lades 
w e r e 4 .25 in. long and 1 in. wide . The o r ig ina l a g i t a t o r shaft was a 0 ,5 - in . -
d i a m rod , but it w a s r e p l a c e d by a 0 .75- in . hexagona l b a r . The hexagona l 
shaft was used to p rov ide the r e q u i r e d gas path th rough the f r o z e n - s a l t 
p h a s e when m o l t e n m e t a l s w e r e to be t r a n s f e r r e d f rom below a so l id i f ied-
s a l t p h a s e . Slow r o t a t i o n of the hexagona l ag i t a to r shaft du r ing the s a l t -
f r e ez ing p e r i o d m a i n t a i n e d the opening. 

F i g u r e 11 shows the c o m p l e t e ag i t a to r and suppor t a s s e m b l y . 
T h r e e M o - 3 0 wt % W hea t s h i e l d s a r e loca ted j u s t below the G r a p h i t a r 
guide b e a r i n g to p r e v e n t sa l t and m e t a l v a p o r s f rom depos i t ing in the 
b e a r i n g . 

Hea t s h i e l d s (12- in . OD, 0.1 in. th ick) f a b r i c a t e d of M o - 3 0 wt % W 
w e r e pos i t i oned on the top of the tungs ten c r u c i b l e . ( P u r e tungs t en hea t 
s h i e l d s often c r a c k and d e l a m i n a t e . ) The M o - 3 0 wt % W hea t s h i e l d s w e r e 



, . ijj f a b r i c a t e d f r o m 
H e a t 

o n . 

108-5973A 

Fig. 10. Furnace-gas Cooling System 

108-6818 

Fig. 11. Agitator, Heat Shields, and Support Assembly 

W a s t e a n d p r o d u c t s t r e a m s "were r e m o v e d f r o m t h e t u n g s t e n p r o c e s s 

c r u c i b l e t h r o u g h M o - 3 0 w t % W h e a t e d t r a n s f e r t u b e s f o r m e d i n t h e s h a p e 

of a n i n v e r t e d J . " T h e f i r s t t r a n s f e r t u b e s u s e d w e r e f a b r i c a t e d f r o m 

5 / 8 - i n . - O D , 5 / l 6 - i n . - I D , g u n - d r i l l e d M o - 3 0 w t % W a l l o y r o d , w h i c h w a s 

a s s e m b l e d by m e a n s of t h r e a d e d e l b o w s . C o n t i n u o u s t r a n s f e r - t u b e d e v e l 

o p m e n t r e s u l t e d in a n i m p r o v e d d e s i g n c o n s i s t i n g of t w o l e n g t h s of g u n -

d r i l l e d r o d ( 3 / 4 - i n . O D , 3 / 8 - i n . ID) c o u p l e d t o g e t h e r t o f o r m a s i n g l e 

7 8 - i n . - l o n g t u b e . T h e b e n d s w e r e m a d e by h o t - f o r m i n g i n s t e a d of u s i n g 

t h r e a d e d e l b o w s . 



The t r a n s f e r tubes w e r e hea t ed to 800°C with a n u m b e r of 600-W 
hea t ing c a b l e s , which w e r e wound on the t u b e . The c a b l e s w e r e m a g n e s i a 

i n s u l a t e d and had a l / S - i n . - O D 

VACUUM AND PRESSURE TAP 
FOR ENVELOPE 

108-7357A 
Fig. 12. Heated Mo-30 wt Ic W Transfer Tube 

s t a i n l e s s s t e e l shea th . The 
h e a t e r s w e r e c o v e r e d with in 
su la t ion and then enc losed with 
a s t a i n l e s s s t ee l enve lope . The 
enve lope p r o t e c t e d the in su la t ion 
and h e a t e r s dur ing handl ing, and 
the a n n u l a r s p a c e be tween the 
enve lope and the tube could be 
e v a c u a t e d and filled with a rgon 
to p r e v e n t oxidat ion of the M o -
30 wt % W tube . F i g u r e 12 
shows a typ ica l t r a n s f e r t ube . 

The m a t e r i a l d i s c h a r g e d 
f rom the p r o c e s s c r u c i b l e s 
th rough the t r a n s f e r tubes w a s 
co l l ec t ed in a g r a p h i t e mold s u s 
pended f rom a s p r i n g s c a l e . 
C lose o b s e r v a t i o n of the s c a l e 
p e r m i t t e d con t ro l of the quant i ty 
of m a t e r i a l r e m o v e d in any 
t r a n s f e r . 

One h a n d - o p e r a t e d and 
t h r e e e l e c t r i c a l l y o p e r a t e d cha in 
h o i s t s w e r e used for lift ing and 
moving p r o c e s s componen t s 
wi th in the glovebox. 

The final s tep in the sku l l -
r e c l a m a t i o n p r o c e s s i s the r e 

c o v e r y of the u r a n i u m f rom the Z n - 2 9 at . % M g - 3 at . % U ingot by d i s t i l l a 
t ion of the Z n - M g . ' ^ T h i s o p e r a t i o n was c a r r i e d out in the r e t o r t a s s e m b l y 
(combina t ion s t i l l pot, c o n d e n s e r , and c o l l e c t o r ) shown in F i g . 13. The 
a s s e m b l y w a s loca ted in s ide a b e l l - j a r furnace to p e r m i t ope ra t i on u n d e r 
low p r e s s u r e (~10 T o r r ) . A 10-kHz induct ion h e a t e r with about a 7.5-kW 
p o w e r output w a s u s e d to hea t the s t i l l pot . A th ixo t rop ica l ly ca s t b e r y l l i a 
c r u c i b l e with h e m i s p h e r i c a l i n t e r i o r bo t tom was u s e d to conta in the m e t a l 
so lu t ion d u r i n g the r e t o r t i n g o p e r a t i o n . A g raph i t e s e c o n d a r y c o n t a i n e r 
u s e d to s u p p o r t the b e r y l l i a c r u c i b l e a l s o ac ted as an i nduc t ion -hea t ing 
s u s c e p t o r . 

P r o p e r p e r f o r m a n c e of the r e t o r t i n g equ ipmen t r e q u i r e s c l o s e con
t r o l of the power input to avoid su rg ing or bumping . The fu rnace was 
equipped with a s e i s m i c - v i b r a t i o n d e t e c t o r and a con tac t m i c r o p h o n e to 
w a r n of the a p p r o a c h of e x c e s s i v e boi lup. 
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Retort Assembly 

1 0 8 - 8 7 3 6 

III. P ILOT-PLANT OPERATING E X P E R I E N C E 

A total of 36 s k u l l - r e c l a m a t i o n p r o c e s s d e m o n s t r a t i o n r u n s w e r e 
made to test the equipment and to develop p r o c e s s i n g t e c h n i q u e s tha t would 
provide sufficient f i s s ion-product r e m o v a l and good u r a n i u m - p r o d u c t r e 
covery. The scale of opera t ions in t he se runs was about 2 kg of sku l l oxide 
(about 75% uran ium) . The planned ful l -plant s ca l e was about 7 kg of skul l 
oxide (5 kg of u ran ium) . 

A. Mechanical P e r f o r m a n c e 

The mechanica l p e r f o r m a n c e of the equ ipmen t w a s g e n e r a l l y s a t i s 
factory. The p r e s s e d - a n d - s i n t e r e d tungs ten c r u c i b l e and the M o - 3 0 wt % W 
agitator shaft and impe l l e r showed exce l l en t c o r r o s i o n r e s i s t a n c e . 

The final design of the hea ted t r a n s f e r tube gave e x c e l l e n t s e r v i c e 
and, with the p r o p e r t echniques , a l lowed for c l o s e c o n t r o l of so lu t ion t r a n s 
fer opera t ions . The t r a n s f e r l ine was fixed in the fu rnace with i t s in l e t 
point about l / 2 in. above the c r u c i b l e bo t tom. All t r a n s f e r s w e r e m a d e by 
p r e s s u r i z i n g the furnace with a rgon . When only the m e t a l p h a s e w a s to be 
t r a n s f e r r e d (e.g., the zinc phase following the n o b l e - m e t a l - e x t r a c t i o n s tep) , 
the furnace was p r e s s u r i z e d unt i l the d e s i r e d a m o u n t of m e t a l had been r e 
moved as indicated by the weight of the r e c e i v e r . The g a s p r e s s u r e w a s 
then vented through a re l ie f va lve , and the t r a n s f e r w a s a b r u p t l y s topped . 
These t r a n s f e r s w e r e con t ro l l ed at 90% r e m o v a l of the m e t a l to avoid i n 
advertent t r ans f e r of the m o l t e n salt ' in which sku l l oxide w a s s u s p e n d e d . 
When re la t ively comple te t r a n s f e r s w e r e d e s i r e d (e .g . , t r a n s f e r of s a l t 
and magnes ium-z inc af ter the r e d u c t i o n s tep) , the f u r n a c e w a s p r e s s u r i z e d 



until excess argon p ressu re vented through the empty transfer line. With 
this technique, approximately 95% of the available molten mater ia l was 
t ransferred from the furnace. 

Phase transfer efficiencies of about 90% were realized in t ransfer
ring the product solution. Product solutions are small in total volume com
pared with the waste solutions, and lower transfer efficiencies were 
expected. The portion of the product solution that was not t ransferred was 
recycled through the next run. 

B. Salt Foaming 

A salt-foaming problem attributable to water of hydration in the 
salt developed during the reduction step of several early process -
demonstration runs. Several methods of salt pretreatment, such as vacuum 
melting and contacting the molten salt with magnesium to remove the water, 
were tried as a l ternates to the proven technique of bubbling hydrogen chlo
ride through the molten salt. The magnesium pretreatment was used in 
preparing salt for runs subsequent to SKR-20. This is a simple foundry-
type operation in which magnesium and any water in the salt react to form 
hydrogen and magnesium oxide at 700°C. In these runs, the small amount 
of magnesium oxide formed in the salt was not objectionable and filtration 
was not necessary . The dry inert atmosphere in the processing glovebox 
prevented absorption of water during subsequent experimental operations. 

C, Fission-product Removal 

Table I l is ts fission-product removals for a number of the skull-
reclamation process runs. * 

In the noble-metal-extract ion step, ruthenium and molybdenum are 
relatively insoluble in zinc at the phase-transfer temperature of 525°C. 
Therefore, the zinc phase was agitated at 400 rpm during the transfer to 
keep the molybdenum and rutheniunn that were extracted from the salt phase 
in suspension in Runs SKR-12 through SKR-28. In Runs SKR-29 to -36, the 
molybdenunn and ruthenium were in suspension when the waste zinc was 
t ransferred at 700°C with a mixing speed of only 100 rpm. 

Ruthenium removals were satisfactory and ranged from 58 to 97%, 
but the removal of molybdenum varied between 14 and 71% in these runs. 
Extraction t ime, tempera ture , and mixing speed appeared to have little 
effect on molybdenum removal. Since the solubility of molybdenum is very 
low in the product solution, an unsuccessful attempt was made to enhance 
the molybdenum rennoval in Runs SKR-31 and -32 by allowing a 15- to 
30-min settling period before transfer of the product solution. Unfiltered 
samples of the product solution before the t ransfers showed a low 
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1, but subsequent a n a l y s e s of the t r a n s f e r r e d 
concen t ra t i on 

p r o d u c t so lu t 
o r i g i n a l l y 

Run No. 

SKR-9 
SKR-IO 

SKR-ll 
SKR-12 
SKR-13 
SKR-14 
SKR-15 
SKR-16 
SKR-17 
SKR-19 
SKR-20 

SKR-21 
SKR-24 

SKR-25 
SKR-27 
SKR-28 

SKR-33 

SKR-29 
SKR-30 

SKR-31 
SKR-32 

1 O l 

i on 
charge 

Noble-

metal 

Extract 

Mo Ru 

25 
58 
42 
71 
60 
45 
57 
61 
60 
57 
38 

45 
14 
44 
42 
51 
47 

33 
35 
19 
22 

^Belore transfer. 

NA: No Analysis. 

79 
92 
73 
97 
89 
75 
82 
74 
34 
75 
67 

65 
58 
75 
67 
73 
77 

75 
85 
82 
79 

showed that i t 

d. 

con ta ined 

TABLE 1. Fission-product Material Balances in 

Percentage 

Super-

1 

1 
latant 

nter-
metallic 

Precipitation 

Ce Zr 

3 
0.6 
4 

12 
4 

NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
40 

42 

60 
62 
70 
53 
45 
42 
47 
54 
45 
24 

42 
40 
44 
15 
28 
NA 

• ol Fission Product Charged 

Super

natant 

Inter
metallic 

Decomposition 

Ce 

39 
NA 
38 
21 
38 
23 
32 
36 
39 
37 
24 

41 
45 
33 
69 
60 
NA 

60 wt » Mg-Zn 
Supernatant 

Ce 

36 
36 
29 
27 

Zr 

31 
32 
41 
30 

Waste 

Flux 

Ce 

30 
NA 

6 
5 

35 
45 
37 
31 
29 
16 
37 

9 
42 
44 
2 
1 

30 

37 
39 
43 
41 

Zr 

NA 
11 
2 
5 

NA 
NA 
NA 

6 
45 
24 

42 
40 
44 
31 
29 
NA 

8 
25 
6 

13 

about 45% of the 

Skull-reclamation 

Mo 

55 
NA 
15 
23 
39 
41 
44 
28 
17 
15 
27 

26 
50 
39 
30 
26 
20 

47 
51 
11 
6 

Product 

Ru 

17 
NA 

20 
12 
21 
16 
14 
17 
9 
7 

24 

19 
21 
6 

10 
16 
13 

13 
37 
13 
16 

Process 

Solution^ 

Ce 

8 
NA 

25 
37 
5 

6 

13 

5 

5 

6 

5 

15 
5 
7 
7 

13 
10 

7 
5 
7 
7 

Runs 

Zr 

41 
NA 

28 
28 
36 

34 

50 

30 

19 

23 

52 

30 
37 
27 
36 
30 
NA 

51 
50 
37 
35 

r n o l 

m 

75 
NA 

57 
94 
99 

86 

101 

89 

77 

72 

65 

71 
64 
83 
72 
77 
67 

80 
86 
30 
28 

ybden u m 

Total Percentage 
of Fission Product 

Accounted for 

Ru 

96 

NA 

93 
109 
110 

91 

96 

91 

89 

82 

91 

84 
79 
81 
77 
73 
93 

88 
122 
95 
95 

Ce 

80 

NA 

73 
75 
82 

74 

82 

72 

87 

59 

66 

65 
92 
84 
78 
74 
46 

75 
76 
91 
78 

Zr 

83 
NA 

101 
100 
94 

79 

92 

77 

69 

113 

100 

114 
119 
115 
82 
87 

NA 

90 
107 
84 
71 

Zircon ium remova l in the s u p e r n a t a n t Z n - 1 2 a t . % Mg af te r the r e 
duction and in t e rme ta l l i c p rec ip i t a t i on s tep v a r i e d be tween 15 and 70%. 
The z i rconium removal in the was te sa l t v a r i e d be tween 2 and 45% and 
depended on the extent of reduc t ion of Z r 0 2 by the Z n - 1 2 at . % Mg s o l u t i o n s . 
In the final flowsheet (Fig. 4), w h e r e the i n t e r m e t a l l i c p r e c i p i t a t i o n and 
decomposi t ion s teps a r e e l imina ted , r educ t i on in the M g - 2 0 a t . % Zn so lu 
tion resu l ted in z i r con ium r e m o v a l s of 50-65% b a s e d on p r o d u c t - s o l u t i o n 
ana lyses . Z i rconium was r e m o v e d in the w a s t e sa l t a s u n r e d u c e d Z r O j 
and in the superna tan t Mg-Zn as a r e s u l t of a s l igh t so lub i l i ty in the 
solution. 

C e r i u m is removed in the m a g n e s i u m - r i c h s u p e r n a t a n t so lu t ion and 
in the waste sal t . Ce r ium, a s t a n d - i n for a l l r a r e - e a r t h e l e m e n t s , showed 
an overal l r emova l of g r e a t e r than 90% b a s e d on p r o d u c t - s o l u t i o n a n a l y s e s . 



D. U r a n i u m L o s s e s 

U r a n i u m l o s s e s in the n o b l e - m e t a l e x t r a c t i o n s t ep of a l l s k u l l -
r e c l a m a t i o n p r o c e s s r u n s a v e r a g e d about 0.4%. T r a n s f e r of the s u p e r n a 
tant M g - 2 0 at . % Zn at 700°C af te r r educ t i on at 800°C r e s u l t e d in u r a n i u m 
l o s s e s of about 1,4%. 

L o s s e s of u r a n i u m in the w a s t e sa l t r e f l ec t the r educ t i on efficiency 
and v a r i e d be tween 0.3 and 1%. C h e m i c a l a n a l y s e s show that the u r a n i u m 
p r e s e n t in the p r o d u c t so lu t i ons a v e r a g e d about 95% of that c h a r g e d . 

E. R e t o r t e d P r o d u c t s 

S e v e r a l Z n - 2 9 a t . % M g - 3 at . % U p r o d u c t ingots w e r e r e t o r t e d in 
the p i l o t - p l a n t r e t o r t i n g unit (F ig . 13) to r e m o v e the M g - Z n alloy and to r e 
cover the u r a n i u m in ingot f o r m . The M g - Z n d i s t i l l a t e was s a t i s f a c t o r i l y 
conta ined wi th in the g r a p h i t e r e t o r t i n g e n c l o s u r e by ca re fu l con t ro l of the 
v a p o r i z a t i o n r a t e u s ing the s e i s m i c - v i b r a t i o n d e t e c t o r and contac t 
m i c r o p h o n e . 

B e r y l l i a w a s the only c r u c i b l e m a t e r i a l found that would conta in the 
mo l t en Z n - M g - U al loy and yet would r e l e a s e the final u r a n i u m ingot. T h i x o 
t r o p i c a l l y c a s t b e r y l l i a c r u c i b l e s m a n u f a c t u r e d by the B r u s h B e r y l l i u m 
Company of E l m o r e , Ohio, w e r e used in the r e t o r t i n g s t ep . The b e r y l l i a 
c r u c i b l e s p e r f o r m e d s a t i s f a c t o r i l y , but af ter each run about 25 g of u r a 
n ium was found in the annulus be tween the be ry l l i a c r u c i b l e and the g r a p h i t e 
s e c o n d a r y c o n t a i n e r . The l o s s of u r a n i u m was a t t r i bu t ed to s eepage of the 
Z n - M g - U so lu t ion t h r o u g h the c r u c i b l e wal l . Ef for t s by the m a n u f a c t u r e r 
to r e d u c e the s e e p a g e r e s u l t e d in c r u c i b l e s having l e s s r e s i s t a n c e to t h e r 
m a l shock . Since the c r u c i b l e s w e r e expens ive , the v e r y s m a l l s e e p a g e of 
u r a n i u m w a s c o n s i d e r e d to be a c c e p t a b l e . The u r a n i u m in the s e c o n d a r y 
c r u c i b l e can be r e c y c l e d . 

A n a l y s e s of s e v e r a l r e t o r t e d p r o d u c t s a r e given in Tab le II. Ana l 
y s e s of the d i s t i l l a t e s f rom t h e s e runs have shown u r a n i u m e n t r a i n m e n t to 

T A B L E II. A n a l y s e s of R e t o r t e d U r a n i u m Product Ingots 

Run No. 

SKR-13 
SKR-15 
SKR-16 
SKR-23 
SKR-29 
SKR-30 

Total Charge 
(from U D i s 
solution Step), 

kg 

11.29 
12.92 
13.14 
12.61 
15.90 
12.67 

Mg-Zn, kg 

9.95 
11.30 
11.50 
11.36 
14.28 
11.40 

U, kg 

1.05 
1.25 
1.17 
1.15 
1.48 
1.22 

Ce 

97 
96 
98 
97 
95 
89 

R e c o v e r e d Prod 

P e r c e n t a g e of 
F i s s i o n P r o d u c t 

Removed 

Z r 

68 
60 
74 
62 
43 
68 

Mo 

67 
62 
71 
56 
62 
78 

Ru 

75 
85 
85 
64 
47 
88 

uct Ingot 

Mg, 
ppm 

-
400 

8 
700 
400 
300 

Be, 
ppm 

20 
5 

25 
100 
400 
400 

Zn, 7o 

. 
<1 

-
0.4 
0.2 
0.08 
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be neol is ible (0 01%). Magnes ium and zinc con tamina t ion of the p r o d u c t 
u anlum w a ! low ("sOO ppm). B e r y l l i u m and c a r b o n c o n t a m i n a t i o n of h 
nroduct resul t ing from the use of b e r y l l i a c r u c i b l e s and g r a p h i t e c o n d e n s e r s 
IZlol s igmficant . Carbon a n a l y s e s ind ica ted about 0.01% - r b o n ^ w h i c h 
is well below the m a x i m u m specified for r e a c t o r - g r a d e u r a n i u m . F i s s io tn -
product concent ra t ions w e r e s a t i s f ac to r i l y low, and the p r o d u c t w a s s u i t a b l e 
for r e tu rn to the m a m EBR-I I fuel s t r e a m via the m e l t i n g - r e f i m n g o p e r a t i o n . 

IV. CONCLUSIONS 

The sku l l - r e c l ama t ion p r o c e s s f lowsheet was e s t a b l i s h e d d u r i n g the 
pi lot-plant inves t iga t ions , and p r o c e s s p r o c e d u r e s and t e c h n i q u e s w e r e 
developed. All s teps of the p r o c e s s w e r e succes s fu l ly d e m o n s t r a t e d . 

The overa l l mechan ica l p e r f o r m a n c e of the equ ipmen t w a s good and 
demons t ra t ed that the equipment could be adap ted to the r e m o t e o p e r a t i o n 
requi red in a p r o c e s s i n g plant . Tungs ten , Mo-W al loy, and b e r y l l i a p r o v e d 
to be sui table m a t e r i a l s of cons t ruc t ion for p r o c e s s e q u i p m e n t tha t i s r e 
quired to withstand the t e m p e r a t u r e (~800°C) and c o r r o s i v e effects of the 
mol ten sa l t s and m e t a l s in the p r o c e s s . Although f a b r i c a t i o n of l a r g e t u n g 
sten and bery l l ia c ruc ib l e s was difficult and expens ive , t h e s e i t e m s w e r e 
fabr icated and gave sa t i s fac to ry s e r v i c e . The hea t ed t r a n s f e r l i n e s f a b 
r ica ted from gun-dr i l l ed Mo-W alloy gave v e r y good s e r v i c e wi th bo th 
liquid me ta l s and mol ten s a l t s . 

With the successfu l comple t ion of the p i l o t - p l a n t s t u d i e s of t he s k u l l -
rec lamat ion p r o c e s s , the fabr ica t ion and t e s t i n g of p r o t o t y p e e q u i p m e n t for 
use with EBR-I I fuel w e r e in i t ia ted. '^ The equ ipmen t and t e c h n i q u e s u s e d 
in the s k u l l - r e c l a m a t i o n p r o c e s s a r e a l s o a d a p t a b l e to o t h e r p y r o c h e m i c a l 
p r o c e s s e s . Some of t he se t echn iques have a l s o been u s e d a t A r g o n n e in the 
plutonium s a l t - t r a n s p o r t p r o c e s s for oxide fue l s . ' * 
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